It is widely acknowledged that the use of helical strakes for mitigation of vortex-induced motions (VIM) of surface piercing cylinders, such as spar platforms, is only partially effective. Using computational fluid dynamics tools, we compare the oscillation characteristics of a bare cylinder and a straked cylinder in uniform currents.
INTRODUCTION
It is well known in the offshore community that cylindrical bluff structures such as spar platforms suffer from vortexinduced motions (VIM) in strong current conditions. Specifically, the loop current condition in the Gulf of Mexico, where current speeds may exceed 4 knots (2.05 m/s), can create a conducive environment for VIM in spars. All the classic spars in the Gulf of Mexico have recorded VIM in strong loop conditions (Yung et al. 2004 ). Helical strakes have been used on spars to reduce these motions. These strakes are normally three-stranded, extending over the lower two-thirds of the spar hull. The height is typically 10% of the spar diameter (Yung et al. 2004) .
The effectiveness of strakes on spars has not been as remarkable as in air, leading one to contemplate if the basic physics of the problem may have been overlooked. The strakes around a cylinder work by disrupting the correlation of vortices along the length, thus reducing the net transverse force on the cylinder induced by the flow. Bearman and Brankovic (2004) argue that the strakes may work by way of introducing threedimensionality in the separated flow and destroying regularity of vortex shedding. Experience with risers and spar platforms indicates that strakes suppress the motion to some extent, at the penalty of considerable increase in drag forces on the structure. The latter can have implications on the mooring loads for a spar platform. Irani and Finn (2005) have conducted model tests on a truss spar platform with different strake configurations. They conclude that the geometry and orientation of strakes can be optimized for maximum performance. Bearman and Brankovic (2004) conducted experiments on cylinders with passive controllers of vortex-induced vibration (VIV). Their cylinder models were of diameter 0.044 m, and length 0.6 m giving an aspect ratio of 1:13.6. The experiments covered a mass ratio of 2.58 and Reynolds numbers in the range 10 3 -10 4 . They found that strakes were more effective than bumps on cylinders in reducing the magnitude of vibration.
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However, their conclusion was that the performance of strakes in water was not as effective as in air. Their reasoning based on simple theoretical development of Bearman (1984) is explored further in the present paper. Moored structures in the ocean such as truss spars exhibit motions in all six degrees of freedom. However, it is principally the horizontal plane translations (surge and sway) that are influenced by VIM. Jauvtis and Williamson (2004) studied the VIV motions of a smooth cylinder with two degrees of freedom at low Reynolds numbers. Their experimental program involved studying cylinders of diameters ranging from 38 -50 mm and aspect ratios varying from 1:7 -1:10. Results showed negligible influence of inline motions on the transverse motions for cylinders with high mass ratios greater than 6. For lower mass ratio cylinders, there was a remarkable increase in transverse VIV amplitudes of up to 1.5 diameters. Accompanying this was a modified flow field around the cylinder made up of three vortices for ever half cycle, which the authors labeled as the "2T" mode of vortex shedding.
We study the vortex-induced motions of bare cylinders and straked cylinders using computational fluid dynamics (CFD) tools. The cylindrical structures used here resemble the hard tank of a truss spar model described by Irani and Finn (2005) . A companion paper by Halkyard et al. (2005) provides the benchmark study of CFD with model experiments, as well as examines the influence of current direction on the VIM of straked cylinders. Sumer and Fredsoe (1997) show through dimensional analysis that the governing non-dimensional parameters for VIV of a long flexibly mounted cylinder of diameter D in a current of velocity U are:
THEORETICAL DEVELOPMENT
For three dimensional cylinders such as spars, one logical extension will be to add the aspect ratio (D/h; h -cylinder draft) as an additional parameter. Here, the mass ratio M is defined as the ratio of the total mass of the cylinder to the displaced mass. 
where ζ s is the damping ratio defined in the usual way as the system damping to critical damping ratio. The nominal reduced velocity (V rn ) is defined in terms of the natural frequency f n of the cylinder.
Here f n is the oscillating natural frequency in water using an added mass coefficient of 1. We contrast the reduced velocity in Eq. (3) with the alternate that is defined in terms of the oscillation frequency f v .
where St is the Strouhal number. The remaining parameters are the Reynolds number Re, and the roughness k s on the cylinder.
The governing equation for one-degree of freedom motion of a cylinder subject to a force may be written as (Sumer and Fredsoe, 1997; Sec. 8.3 .2):
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where c is the damping coefficient and k is the stiffness. The lift force on the right hand side of the equation excludes the inertial forces that are implicit in the added mass term m a . Following the methodology of Bearman (1984) , the above equation may be rewritten in terms of the natural frequency f n , the damping ratio ζ s and the lift coefficient C l (t) as follows:
where the main difference with Bearman's (1984) formulation is the explicit introduction of the added mass here. If the lift force leads the displacement by an angle φ, then we may write
where f v is the frequency of the vortex-induced motion. Substitution into the equation of motion results in the following equations
The strakes perform as spoilers by upsetting the spanwise correlation of the phase angle φ, and/or reduce the lift coefficient. Bearman and Brankovic (2004) argue that the reason why strakes are not effective in water is because of the low value of the mass parameter M and the stability parameter for neutrally buoyant, lightly damped systems, which makes the denominator of Eq. (9) small.
SPAR GEOMETRY
The two models considered here comprise of a cylindrical structure with and without strakes. The diameter and length of both models are the same and given in Table 1 . For the model with strakes, three strakes on the hard tank spiraling counter clockwise at 120 deg around the hard tank over the height Figure 1 . Definition of strake orientation and current direction specified in Table 1 are considered. The arrangement is shown in Figure 2 . Since the cylinder was modelled in CFD without the truss structure, the mass was correspondingly increased to 897 kg. Assuming a theoretical value for the added mass = 598 kg, we get a mass ratio of 2.5. The restoring stiffnesses in the x and y directions were varied to give rise to various reduced velocity (V rn ) values from 4 -12 (Table 2 ). The current velocity was fixed at 0.18 m/s for the straked cylinder and 0.21 m/s for the bare cylinder. The direction of current for the straked cylinder was fixed at 157.5 deg which was found from experiments to create high VIM response. All models in the computation had a roughness height of 0.0003 m.
COMPUTATIONAL PROGRAM AND SETUP
The incompressible flow solver AcuSolve TM was used for the computations presented herein. AcuSolve TM is a finite element solver based on the Galerkin/Least Squares formulation. It is second order accurate in time and space and utilizes a fully coupled pressure/velocity iterative solver.
The incompressible Navier-Stokes equations that express the conservation of mass and momentum are shown below:
Turbulence was modeled using Spalart's Detached Eddy Simulation (DES) model. DES is based on a hybrid Unsteady Reynolds average Navier-Stokes (URANS) and Large Eddy Simulation (LES) formulation. The URANS turbulence model is based on the one equation turbulence model of Spalart- Allmaras (1992). The change in eddy viscosity in the DES model is governed by:
Where ν~is a working variable used to obtain the eddy viscosity The mesh constructed to capture the flow around the cylinder consisted of about 500,000 hexahedral elements. The mesh included the cylinder with a free surface on the top. Since waves are not important for this case, the free surface was simulated with a fixed boundary having a free slip boundary condition. This prohibits the generation of waves but captures the free flow at the top. The mesh was economized having the majority of elements located in the areas of interest, near the cylinder and in the near wake. The wall roughness was modeled using wall roughness. Wall functions reduce the model size by providing a model for the flow between the wall and logarithmic area of the boundary layer. Typically the first element was placed between + y of 30 to 100, that is consistent with most URANS guidelines
The free body motion of the cylinder within the mesh was accommodated using a specified mesh motion in which the position of each node is specified based on the spar position. This approach avoids the solution of nodal locations using an arbitrary elastic solid to represent the mesh (Arbitrary Langrangian Eulerian or ALE method) and hence solve for the new nodal locations. However, the fluid flow is calculated based on the new nodal locations as in the ALE method.
All simulations were performed on ChevronTexaco's Linux cluster using 14 Intel Xeon processors, clocked at 3.06 GHz. Typical runs required about 24 hours of computer time for about 30 oscillation cycles.
RESULTS AND DISCUSSION
We first compare the time series and spectral data for the bare cylinder and the straked cylinder. The cases shown are for V rn = 7 and 6 respectively for the bare and straked cylinders. The time series of the bare cylinder (Figure 3 ) is approximately sinusoidal with spectral peak at 28 sec, reasonably close to the theoretical natural period of the cylinder. We note that because of the limited length of the time series, the FFT data is sparsely populated in the long period range, and hence the true peak may be in the vicinity of the peak shown in the figures. On the other hand, the straked cylinder shows a modulated signal, and the spectrum in Figure 6 shows two dominant peaks, neither of whose amplitude corresponds to A max /D in Figure 5 . In fact, it is the constructive interference of these two frequency components that give rise to the maximum A/D. Bare Cylinder; Vrn = 7 It is interesting to examine the periods at which these two peaks occur. We hypothesize the second peak at 32 s in Figure  6 to be close to the natural period of the cylinder, giving some allowance due to the paucity of data in the long period range. Further, the second peak appears to correspond closely with the peak of the bare cylinder and has a similar broad shape. The first peak is much narrower, and occurs at 21 s, which corresponds to a reduced velocity of 5.1. In other words this period correlates well with the vortex shedding frequency corresponding to a Strouhal number of 0.2. To verify this further, Figures 7 and 8 show the time series and spectral plots for the straked cylinder at V rn = 10. As noted earlier, the change in V rn is effected by reducing the stiffness while keeping the current speed a constant. It is apparent from Figure 8 that the first peak, although smaller, remains at 21 s, while the second peak corresponding to the natural period has shifted further towards 37 s. It is thus becoming apparent that partial lock-in may occur because of the presence of the helical strakes. When lock-in is diminished, the cylinder oscillates at the vortex shedding frequency. As the amplitude picks up and the cylinder locks in it oscillates at the natural period. But then the strakes spoil the flow, resulting in the cylinder reverting to oscillating at the vortex shedding frequency.
The flow here appears bifurcated. The modulation of the signal results in the third peak at around 60 sec in Figure 6 , which can be seen to be the difference frequency effect of the two peaks. Figure 9 shows the maximum transverse amplitude for the smooth and straked cylinder and compares with results from experiments of Jauvtis and Williamson (2004) and Bearman and Brankovic (2004) . There are considerable differences in the data for the bare cylinder, which would be expected, since the experiments were conducted on smooth cylinders at Reynolds numbers less than 15,000. The data of Williamson shows the curve at the upper branch, which seems to be followed by our CFD results but at much higher values of reduced velocity. The results of Bearman show a transition to the lower branch, presumably because of different mass ratio and damping parameters. Interestingly, the agreement with straked cylinders is reasonable except at the peak value in Figure 10 . Our CFD results show a maximum A/D of under 0.4 while experiments are higher, up to 0.55 at a V rn of 5. It should be noted that the experimental model was a long cylinder unlike a spar, and had strakes covering the top third of the length. In contrast the CFD model had strakes covering the lower two-thirds, and had a much smaller aspect ratio. These could be the contributing factors for the differences in Figure 10 .
CONCLUSIONS
It is widely acknowledged that computational fluid mechanics tools are enabling technologies for solving offshore industry problems such as vortex-induced motions. VIM on spars in particular have gained recent attention, and efforts towards predicting the problem satisfactorily are ongoing at various organizations. The present paper has presented one such CFD tool Acusim to solving the VIM problem.
We compared in this paper the displacement of bare cylinders and those equipped with helical strakes as spoilers. The main difference in the spectral data of the transverse displacement between the two configurations is the presence of an additional peak in the latter configuration, corresponding to the Strouhal frequency. The hypothesis then is that due to the partial effectiveness of the strakes (arising from the low mass ratio and stability parameter) the flow appears to switch from a low lock-in to a high lock-in, wherein the frequency of oscillation shifts from the Strouhal frequency to the natural frequency. This also results in modulation of the displacement signal.
Comparison of A/D ratio vs. reduced velocity with published data shows moderate agreement for the bare cylinder, and comparatively better agreement for the straked cylinder.
Research is ongoing to visualize the flow around the cylinders using CFD, in particular to identify the 2T mode discussed by Jauvtis and Williamson (2004) . Further, CFD tools will be used to visualize the flow around the strakes and identify the transition between the two frequencies of oscillation. These will be presented in future publications. 
